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Electrochemical  properties  and  Li  deposition  morphologies  of  several  kinds  of  carbon  with  different  sur¬ 
faces  were  studied.  The  surface  conditions  and  Li  deposition  morphologies  were  analyzed  using  Raman 
spectroscopy  and  scanning  electron  microscopy.  It  appeared  that  the  disordered  carbon  surface  sup¬ 
pressed  the  Li  dendrite  deposition.  Grinding  methods  with  different  clearances  were  adopted  to  modify 
the  graphite  into  a  desirable  surface.  The  R-value  increased  from  0.10  to  0.63  after  grinding  to  40(jum, 
though  a  significant  change  in  d00  2  did  not  occur.  These  results  suggest  that  disordered  carbon  was  cre¬ 
ated  on  the  surface  without  a  significant  change  in  bulk  crystallinity.  Thus,  the  reversible  capacity,  which 
is  about  350  mAh  g-1,  was  the  same  before  and  after  grinding.  However,  the  Li  deposition  morphologies 
significantly  changed  before  and  after  grinding.  The  pristine  graphite  had  a  dendritic  morphology,  but  the 
ground  graphite  had  a  granular  morphology.  It  is  believed  that  the  defects  on  the  disordered  carbon  act 
as  electrodeposition  nuclei  and  prevent  the  formation  of  Li  dendrites. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs),  with  suitable  lithium  intercalation 
compounds  for  electrodes,  have  been  used  in  various  applications 
due  to  their  higher  voltage,  higher  energy  density,  and  longer  shelf 
life  compared  with  conventional  rechargeable  batteries.  LIBs  usu¬ 
ally  consist  of  a  lithium  transition  metal  oxide  for  the  cathode 
and  a  carbonaceous  material  for  the  anode.  A  continuous  supply 
of  these  materials  is  needed  to  improve  their  properties,  espe¬ 
cially  capacity,  because  the  capacity  demand  of  mobile  devices, 
such  as  cellular  phones  and  notebook  computers,  has  increased 
rapidly.  One  issue  of  carbon  anodes  is  the  irreversible  reaction 
during  the  first  lithiation.  Li  consumed  in  the  first  cycle  cannot 
be  reversibly  recovered  and  the  excess  cathode  material  to  com¬ 
pensate  for  the  consumed  Li  leads  to  a  decrease  in  energy  density. 
It  is  widely  recognized  that  part  of  this  irreversibility  arises  from 
electrolyte  decomposition  followed  by  the  formation  of  a  passiva¬ 
tion  layer  or  solid  electrolyte  interface  (SEI)  on  the  carbon  surface 
[1,2].  Therefore,  many  researchers  have  made  a  number  of  efforts 
in  searching  for  a  good  electrolyte  that  could  reduce  the  irre¬ 
versible  reaction  and  analyzing  the  nature  of  SEI  over  the  last 
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decade  [3,4].  Thus,  it  is  believed  that  this  irreversible  reaction  is 
affected  by  the  structure  of  the  carbon  surface  where  electrolyte 
decompositions  take  place  resulting  in  the  development  of  several 
methods  of  carbon  surface  modification  for  reducing  the  irre¬ 
versible  reaction  and  to  achieve  a  higher-energy  density  of  LIBs 
[5,6]. 

On  the  other  hand,  the  safety  of  LIBs  has  been  the  subject  of 
focus  because  the  energy  density  of  LIBs  increases  greatly.  In  the 
past,  the  thermal  decomposition  reactions  of  lithiated  carbon  elec¬ 
trodes  have  been  studied  using  differential  scanning  calorimetry 
(DCS)  [7,8],  accelerating  rate  calorimetry  (ARC)  [9,10],  etc.  It  is  gen¬ 
erally  known  that  decomposition  reactions  start  around  120  °C,  and 
they  are  affected  by  the  stability  of  the  SEI  [11  ].  However,  the  mech¬ 
anism  of  Li  deposition  on  a  carbon  surface  has  hardy  been  studied, 
while  dendritic  Li,  which  is  deposited  on  the  carbon  surface  during 
overcharging,  causes  a  serious  decline  in  the  safety  of  the  LIB.  It  was 
reported  that  the  melting  of  deposited  Li  and  the  resulting  exother¬ 
mic  reactions  may  be  significant  contributors  to  cell  rupture  if  the 
cell  temperature  rises  over  180  °C  [12]. 

It  is  believed  that  the  surface  structure  of  carbon  has  a  great 
effect  on  not  only  SEI  formations  but  also  Li  deposition  morpholo¬ 
gies.  Therefore,  we  attempted  to  reduce  the  amount  of  dendritic  Li 
by  modifying  the  surface  of  graphite  to  improve  the  electrochemi¬ 
cal  property.  While  there  are  several  kinds  of  surface  modification 
methods,  such  as  ballmilling  [13-15],  carbon  coating  [16],  polymer 
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Table  1 

Structural  and  electrochemical  properties  of  carbon  samples 


Sample 

ID 

Feature 

d002  (nm) 

Average  diameter 
(pan) 

BET  surface 
area  (m2  g-1) 

R-value  (-) 

Reversible  capacity 
(mAhg-1) 

Irreversible 
capacity  (mAh g-1) 

AG1 

Artificial  graphite 

0.335 

19 

3.5 

0.10 

347 

32 

GM 

Graphitized  mesocarbon 

0.336 

24 

0.6 

0.46 

300 

13 

AG2 

Artificial  graphite 

0.337 

11 

1.7 

1.0 

326 

21 

AC 

Amorphous  carbon 

0.37 

12 

4.4 

1.4 

299 

50 

AG1-100 

AG1  ground  in  100  pm 

0.335 

18 

3.7 

0.24 

348 

30 

AG  1-60 

AG1  ground  in  60  pm 

0.335 

20 

3.7 

0.30 

348 

26 

AG  1-40 

AG1  ground  in  40  pm 

0.335 

20 

3.8 

0.63 

346 

32 

coating  [17],  and  metal  oxide  treating  [18],  we  chose  the  grinding 
method  for  surface  modification  because  of  its  convenience. 

2.  Experiments 

2 A.  Carbon  samples 

Artificial  graphite  ( AG1  and  AG2),  graphitized  mesocarbon  (GM), 
and  amorphous  carbon  (AC)  samples  were  used  (Table  1 ).  The  aver¬ 
age  diameter  range  and  Brunauer  Emmett  and  Teller  (BET)  surface 
area  range  of  these  carbon  samples  were  from  11  to  24  p,m,  and 
from  0.6  to  4.4  m2  g-1 ,  respectively.  In  these  samples,  AG1,  which  is 
a  highly  crystalline  graphite  structure  and  whose  interlayer  space 
(do 02)  is  0.335  nm,  was  mechanically  milled  with  a  grinder  (Masco, 
Supermasscolloider  MKZA10-15)  to  create  a  disordered  region  on 
the  graphite  surface.  The  clearance  between  the  two  rotating  A1203 
grinders  was  from  40  to  100  p,m. 

The  structural  parameters  of  the  carbon  samples  were  ana¬ 
lyzed  with  an  X-ray  diffractometer  using  Rigaku  RU-200B  with  Cu 
Ka  radiation.  We  evaluated  the  degree  of  surface  crystallinity  of 
the  carbon  samples  with  Raman  spectroscopy  using  a  RENISHAW 
Ramanscope  (He-Ne  laser,  633  nm,  25  mW)  at  room  temperature. 
The  ratio  of  peak  intensity  of  about  1360  cm-1  to  that  of  about 
1580  cm-1,  the  so  called  R-value,  was  used  as  a  parameter  reflect¬ 
ing  the  degree  of  surface  crystallinity  of  the  carbon  samples.  The 
surface  disorder  regions  of  these  materials  were  removed  by  ther¬ 
mal  analysis  using  SII  DG/DTA6200  at  a  heating  rate  of  5  °Cmin-1 
from  room  temperature  to  900  °C.  The  surface  morphologies  of 
anodes  made  of  these  carbons  were  analyzed  with  scanning  elec¬ 
tron  microscopy  (SEM)  using  the  Hitachi  S-2460N. 

2.2.  Electrochemical  tests 

The  carbon  electrodes  were  made  by  mixing  a  slurry  containing 
5wt%  polyvinylidene  fluoride  (PVdF)  binder  (Kureha,  KFL#1120) 
and  95wt%  carbon  powder  in  a  N-methyl-2-  pyrrolidone  (NMP) 
solution.  The  slurry  was  spread  on  a  copper  foil  (18  p,m  thick)  as 
a  current  collector  using  a  doctor  blade,  and  was  dried  in  an  oven 
at  80  °C  to  evaporate  NMP.  The  coated  foil  was  then  roll-pressed 
into  about  1.5 gem-3,  and  was  cut  into  1  cm2.  The  typical  weight 
of  coated  carbon  materials  is  about  10  mg  cm-2.  Before  conduct¬ 
ing  the  electrochemical  test,  the  carbon  electrodes  were  dried  in  a 
vacuum  oven  at  120  °C  for  2  h. 

The  electrochemical  tests  were  performed  using  three-electrode 
cells  with  working,  reference,  and  counter  electrodes  in  an  argon 
dry  box.  In  these  cells,  Li  metal  foils  were  used  as  both  the  refer¬ 
ence  and  the  counter  electrodes,  and  carbon  electrodes  were  used 
as  the  working  electrodes.  The  electrolyte  used  was  1M  LiPF6  in 
ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC)  in  a  1:2 
volume  ratio  (Tomiyama  Pure  Chemical  Industries).  After  soaking 
these  electrodes  and  a  separator  film  (Tonen  Chemical,  25  p,m  thick) 
in  the  electrolyte,  the  working  and  counter  electrodes  were  stacked 


with  a  separator  film  interposed  between  them,  and  the  reference 
electrodes  were  placed  on  the  side  of  the  working  electrode.  These 
electrodes  were  then  fastened  at  a  constant  pressure  with  two  disk 
plates  and  bolts  at  0.05  Nm  with  a  torque  wrench.  This  cell  was 
enclosed  in  a  glass  vessel  to  avoid  electrolyte  evaporation. 

Electrochemical  Li  intercalation  and  deintercalation  tests  were 
conducted  using  a  cell  tester  (Toyo  system,  TOSCAT3100U)  at 
0.5  mA cm-2  between  0.005  and  2.0  V  vs.  Li/Li+.  Li  electrodeposi¬ 
tion  was  carried  out  galvanostatically  at  8.5  mA  cm-2  for  3  min  after 
fully  intercalating  Li  into  a  carbon  electrode.  The  Li  deposition  mor¬ 
phologies  were  examined  using  SEM  after  rinsing  the  samples  with 
DMC  and  dying  adequately. 

3.  Results  and  discussion 

3 A.  Raman  spectra  and  Li  intercalation  and  deintercalation 
properties 

Raman  spectroscopy  is  a  suitable  method  for  examining  surface 
conditions  of  carbon  materials.  Fig.  1  shows  Raman  spectra  of  the 
as  received  carbon  samples.  Two  peaks  around  1360  and  1580  cm-1 
were  observed  in  each  spectrum  of  the  carbon.  It  is  generally  known 
that  a  peak  of  1580  cm-1  (G  band)  corresponds  to  in-plane  vibra¬ 
tions  of  the  carbon  atoms  in  the  hexagonal  net  plane  of  graphite 
and  that  of  1360  cm-1  (D  band)  originates  from  the  disordered 
hexagonal  structure  of  graphite  [19]. 

The  R-values  of  AG1,  GM,  AG2,  and  AC,  which  were  0.10,  0.46, 
1.0  and  1.4,  respectively,  as  shown  in  Table  1,  indicates  that  the 
degree  of  disordered  hexagonal  structure  increases  in  this  order. 
At  the  same  time,  graphite  interlayer  space  (d002)  of  AG1,  GM  and 
AG2  were  between  0.335  and  0.337  nm.  This  shows  that  the  crys¬ 
tallinity  of  these  graphite  samples  were  extensively  high.  Raman 
spectroscopy  is  sensitive  to  surface  conditions  rather  than  the  bulk 
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Fig.  1.  Raman  spectra  profiles  of  carbon  samples. 
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structure,  so  it  was  assumed  that  GM  and  AG2  had  some  dis¬ 
order  regions  on  their  surface.  This  affected  Li  intercalation  and 
deintercalation  reversible  capacities  (Crev),  which  AG1  was  the 
maximum  in  these  samples,  as  the  amount  of  LiCg  formed  by  Li 
intercalation  into  graphite  increases  depending  on  the  degree  of 
the  crystallinity  of  graphite.  The  Crev  of  AG1,  GM,  and  AG2  were 
347,  300,  and  326  mAh  g-1,  respectively.  On  the  other  hand,  irre¬ 
versible  capacities  (Cirrev)  of  these  samples,  as  shown  in  Table  1, 
increased  depending  on  the  surface  area  of  graphite  due  to  occur¬ 
ring  electrolyte  decomposition  on  the  surface  [20]  while  Grev  and 
Qrrev  of  AC,  which  was  an  amorphous  carbon  sample,  were  299  and 
50  mAh  g-1,  respectively.  It  is  known  that  the  irreversible  reaction 
of  amorphous  carbon  is  different  from  that  of  graphite.  The  capac¬ 
ity  of  Li  trapping  inside  amorphous  carbon  could  also  add  to  Cirrev 
[21]. 

3.2.  Morphologies  of  Li  deposition  on  carbon  electrode 

Li  electrodepositions  were  carried  out  galvanostatically  at 
8.5  mAcm-2  (ca.  3  C  rate)  for  3  min  after  fully  intercalating  Li  into 
AG1,  GM,  AG2  and  AC,  respectively.  The  capacity  of  Li  electrodeposi¬ 
tion  was  45  mAh  g-1 ,  and  this  value  corresponded  with  13  to  15%  of 
the  electrode  reversible  capacities.  As  shown  Fig.  2,  all  of  the  elec¬ 
trode  potentials  went  below  0  V  immediately  after  overcharging, 
and  this  indicated  that  Li  depositions  occurred  at  all  of  the  carbon 
electrodes.  During  Li  deposition,  the  minimum  potentials  of  AG1, 


Fig.  2.  Potential  curves  of  AG1,  GM,  AG2,  and  AC  during  overcharge  at  8.5  mAcm-2 
for  3  min  in  1  M  LiPF6  EC/DMC(1:2). 


GM,  AG2  and  AC  were  _0.44,  “0.28,  “0.20,  and  “0.20  V,  respectively. 
This  showed  that  the  overcharge  voltage  of  Li  deposition  decreased 
in  order  to  increase  the  ^-values. 

Fig.  3  shows  SEM  images  of  Li  deposition  morphologies  on  the 
above  carbon  electrodes.  Dendritic  Li  deposition  could  be  seen  on 
AG1  (Fig.  3(a))  and  GM  (Fig.  3(b))  after  overcharge.  It  seemed  that 


Fig.  3.  SEM  images  of  (a)  AG1 ;  (b)  GM;  (c)  AG2;  (d)  AC  after  Li  deposition. 


340 


H.  Honbo  et  al.  /  Journal  of  Power  Sources  189  (2009)  337-343 


the  amount  of  dendritic  Li  deposition  on  AG1,  of  which  surface  was 
mostly  crystalline,  was  more  than  that  of  GM,  and  there  was  some 
aggregated  Li  deposition  on  GM  also.  On  the  other  hand,  the  amount 
of  aggregated  Li  deposition  increased  and  the  dendritic  Li  deposi¬ 
tion  clearly  diminished  on  AG2  (Fig.  3(c)),  of  which  the  R-value  was 
more  than  1.0.  Furthermore,  particle  Li  deposition  could  only  be 
seen  on  AC  (Fig.  3(d)),  which  was  the  amorphous  carbon. 

There  were  previous  reports  on  Li  deposition  morphologies 
on  Ni  substrates  containing  5  x  10-3moldm-3  HF  in  electrolyte, 
which  markedly  changed  dendritic  morphology  into  a  smooth  and 
uniform  surface  [22-24].  However,  other  factors  were  expected 
because  the  electrolyte  we  used  in  this  work  had  very  little  HF  con¬ 
tent.  It  was  assumed  that  the  amount  of  nuclei,  which  are  defects 
on  a  carbon  surface,  affect  Li  deposition  morphologies  because  they 
are  the  origin  points  of  Li  depositions.  Therefore,  due  to  the  increase 
in  R-v alue,  the  amount  of  dendritic  Li  deposition  on  AG1,  GM,  AG2, 
and  AC  gradually  decreased  in  this  order. 

At  the  same  time,  it  was  also  assumed  that  Li  intercalations  into 
carbon  under  5  mV  vs.  Li/Li+,  which  was  the  cutoff  potential  before 
Li  deposition,  were  involved  in  the  overcharge  capacity  because  the 
total  amount  of  Li  deposition  was  different  for  each  sample,  and 
those  reactions  would  likely  reduce  the  dendritic  Li  deposition  and 
overcharge  voltage.  Although  it  is  hard  to  say  how  much  the  amount 
of  nuclei  and  the  residual  intercalation  capacities  in  this  study  sup¬ 
pressed  dendritic  Li  deposition  and  decreased  overcharge  voltage, 
respectively,  we  believe  that  the  contributions  of  Li  intercalation 
during  overcharge  increase  with  the  amount  of  amorphous  or  dis¬ 
ordered  carbon  on  the  surface.  These  effects  can  be  estimated  by 
investigating  the  relationship  between  the  overcharge  capacity  and 
the  amount  of  deposited  Li  as  measured  by  7Li  NMR  [25]. 

3.3.  Change  of  graphite  surface  after  grinding 

There  were  many  efforts  of  graphite  surface  modification  by 
mechanical  and  chemical  treatment  for  improving  electrochemical 
properties  as  already  mentioned.  However,  there  is  little  literature 
about  Li  deposition  morphologies  after  overcharge,  so  we  focused 
on  the  relationship  between  Li  deposition  morphologies  and  the 
surface  condition  of  graphite.  We  selected  AG1,  which  is  a  highly 
crystalline  graphite,  and  modified  its  surface  using  the  grinding 
method.  Several  samples  of  AG1  after  grinding  with  different  sur¬ 
face  conditions  were  prepared  by  changing  the  grinding  clearance 
from  40  to  100  p,m,  denoted  as  AG1-40,  AG1-60,  and  AG1-100. 

Fig.  4  shows  the  comparison  of  Raman  spectra  of  AG1  before  and 
after  grinding.  The  peaks  around  1360  cm-1,  which  are  attributed 
to  the  disordered  carbon,  increased  due  to  the  decrease  in  the 
grinding  clearance.  As  shown  in  Table  1,  the  R-values  of  AG1- 
100,  AG1-60,  and  AG1-40  were  0.24,  0.30,  and  0.63,  respectively.  It 
was  also  reported  that  the  peak  around  1360  cm-1  increased  after 
ballmilling  with  treating  time  [14,15]. 

On  the  other  hand,  do  02  spaces  measured  with  X-ray  diffrac¬ 
tion  showed  little  change  and  were  about  0.335  nm  before  and  after 
grinding.  It  is  generally  known  that  graphite  has  two  types  of  crystal 
structures,  hexagonal  (2H,  ABAB  stacking)  and  rhombohedral  (3R, 
ABCABC  stacking)  [26,27].  The  hexagonal  stacking  easily  converts 
to  a  rhombohedral  stacking  by  a  mechanical  shock  such  as  during 
the  pulverization  process,  and  the  proportion  of  the  rhombohedral 
crystal  increases  up  to  ca.  33  vol%  [28,29].  Because  of  this,  we  inves¬ 
tigated  whether  the  proportion  of  the  rhombohedral  crystal  in  AG1 
increased  after  grinding. 

Fig.  5  shows  X-ray  diffraction  patterns  of  AG1  before  and  after 
grinding.  Two  peaks  appeared  around  43°  and  46°,  which  were 
attributed  to  the  rhombohedral  crystal  structure,  hardly  changed. 
This  indicated  the  grinding  treatment  did  not  increase  the  pro¬ 
portion  of  the  rhombohedral  crystal  structure  in  the  graphite,  and 


Raman  shift /cm'1 


Fig.  4.  Raman  spectra  profiles  of  AG1  ground  with  different  clearances.  AG1 ;  as 
received,  AG1-40,  -60,  and  -100;  ground  with  40-,  60-,  and  100-p.m  clearance, 
respectively. 

the  bulk  crystallinity  of  ground  AG1  had  not  changed.  Therefore, 
we  measured  the  thermogravimetry  (TG)  of  AG1  before  and  after 
grinding  to  investigate  the  surface  condition,  based  on  reports  that 
low  crystalline  carbon  burns  out  at  a  lower  temperature  than  high 
crystalline  carbon  in  air  [30,31  ].  Fig.  6  shows  the  TG  profiles  of  AG1 
before  and  after  grinding.  The  TG  profile  of  AC  was  added  in  Fig.  6 
as  a  reference.  As  shown  in  Fig.  6,  the  starting  burnout  tempera¬ 
ture  of  AG1-60  was  about  660  °C,  and  it  completely  disappeared 
by  840  °C.  The  TG  profile  of  AG1-60  shifted  about  20  °C  lower  that 
of  AG1  because  it  had  a  small  amount  of  disordered  carbon  cre¬ 
ated  from  grinding.  Furthermore,  we  investigated  the  changes  in 
AG1  and  AG1-60  features  before  and  after  heating  at  700  °C  in  air. 
Before  and  after  heat  treatment,  AG1  showed  massive  particles  of 
flaky  graphite  (Fig.  7(a)  and  (b)),  and  there  was  little  difference 
between  them.  However,  the  particles  of  AG1-60  after  heat  treat¬ 
ment  (Fig.  7(d))  were  eroded  from  the  edge  while  the  particles  of 
AG1-60  before  heat  treatment  (Fig.  7(c))  were  the  same  as  those 
of  AG1.  It  was  assumed  that  selective  burning  of  disordered  carbon 
from  grinding  created  the  above  particle  features  [30]. 

3.4.  Electrochemical  properties  of  graphite  after  grinding 

We  measured  reversible  and  irreversible  capacities  of  AG1- 
100,  AG1-60,  and  AG1-40  to  examine  the  grinding  effects  on 
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Fig.  6.  TG  profiles  of  AG1,  AG1-60,  and  AC  at  5  °C  min-1  from  room  temperature  to 
900  °C  in  air,  respectively. 


electrochemical  properties.  As  shown  in  Table  1,  while  their 
reversible  capacities  were  almost  same  at  about  350  mAh  g-1 ,  their 
irreversible  capacities  were  different  depending  on  the  grinding 
condition.  However,  there  was  a  decrease  of  irreversible  capacity 
after  grinding,  and  the  irreversible  capacity  of  AG1-60  was  at  a 
minimum  (28  mAh  g-1 ). 


Fig.  8.  Intercalation  and  deintercalation  curves  of  AG1  at  first  cycle  in  1  M  LiPF6 
EC/DMC  (1:2). 

It  is  generally  known  that  side  reactions  occur  particularly  at 
the  first  cycle  and  cause  irreversible  capacity.  Therefore,  we  inves¬ 
tigated  the  side  reactions  of  AG1  before  and  after  grinding.  Fig.  8 
shows  charge-discharge  curves  of  AG1  at  the  first  cycle.  The  shoul¬ 
der  between  1.0  to  0.6  V  in  Fig.  8(b)  was  caused  by  the  side  reactions. 
To  analyze  this  in  more  detail,  we  converted  the  charge  curves 
of  AG1,  AG1-60,  and  AG1-40  into  differential  forms.  Two  peaks 


Fig.  7.  SEM  images  of  graphite  particles  before  and  after  heating  at  700  °C  in  air.  AG1  particles  (a)  before  and  (b)  after  heating,  and  AG1-60  particles  (c)  before  and  (d)  after 
heating. 
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E  /  V  vs.  Li/Li+ 

Fig.  9.  Differential  intercalation  curves  of  (a)  AG1,  (b)  AG1-60,  and  (c)  AG1-40  at  in 
1  M  LiPF6  EC/DMC  (1:2).  Solid  line  is  first  cycle  and  gray  line  is  second  cycle. 

appeared  between  0.7  and  0.9  V  at  the  first  cycle  (solid  lines  in 
Fig.  9)  for  all  the  samples,  and  these  peaks  disappeared  at  the  second 
cycle  (gray  lines  in  Fig.  9).  We  speculate  that  the  first  peak  at  0.85  V 
is  related  to  the  co-intercalation  of  solvents  with  Li  ions  and  their 
decomposition  at  the  edge  plane  of  graphite.  We  also  speculate  that 
the  second  peak  at  0.75  V  is  attributed  to  the  decomposition  of  sol¬ 
vents  at  the  basal  plane  of  graphite  from  previous  literature  [3,4]. 
Moreover,  by  comparing  the  differential  curves  of  AG1,  AG1  -60,  and 
AG1  -40  at  the  first  cycle,  it  was  found  that  the  two  peaks  decreased 
after  grinding. 

From  these  results,  we  believe  that  that  disordered  carbon  was 
created  on  the  graphite  surface  after  grinding  without  a  significant 
change  in  bulk  crystallinity  because  the  R-v alue  increased  from 
0.10  to  0.63  after  grinding  to  40  pan,  though  d002  spaces  and  the 
proportion  of  the  rhombohedral  crystal  structure  hardly  changed. 
Therefore,  the  reversible  capacities  of  ground  AG1  did  not  change. 
On  the  other  hand,  the  irreversible  capacities  of  ground  AG1  would 
be  suppressed  by  disordered  carbon  on  the  surface,  which  is  not 
more  active  to  electrolyte  decomposition  than  graphite.  This  is 
based  on  previous  reports  that  irreversible  capacity  of  mesocarbon 
micro  beads  increases  after  their  turbostratic  surface  regions  are 
removed  by  burning  out  [30].  However,  in  AG1-40,  it  was  assumed 
that  the  decrease  of  the  irreversible  capacity  was  canceled  due  to 


Fig.  10.  Potential  curves  of  AG1,  AG1-60,  and  AG1-40  during  overcharge  at  8.5  mA 
cm-2  for  3  min  in  1  M  LiPF6  EC/DMC  (1:2). 


Fig.  11.  SEM  images  of  (a)  AG1;  (b)  AG1-60;  (c)  AG1-40  after  Li  deposition. 


the  increase  of  its  surface  area  from  grinding  with  a  narrow  clear¬ 
ance. 

We  investigated  the  grinding  effect  on  Li  deposition  morpholo¬ 
gies  after  overcharge.  Fig.  10  shows  the  electrode  potentials  of 
AG1-40  and  AG1-60  during  overcharge.  The  overcharge  voltage  of 
AG1-40  and  AG1-60  decreased  in  comparison  with  AG1,  and  the 
minimum  potentials  of  AG1-40  and  AG1-60  were  “0.23  and  “0.25, 
respectively.  The  overshoot  in  potential  curve  of  AG1  was  likely  due 
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to  the  supersaturation  of  nucleation  for  Li  deposition.  However,  it  is 
hard  to  see  the  difference  of  supersaturation  between  the  dendritic 
and  granular  cases  because  the  potential  curves  also  involved  the 
Li  intercalation  reactions,  as  already  mentioned. 

Fig.  11  shows  SEM  images  of  Li  deposition  morphologies  on  these 
electrodes.  The  amount  of  dendritic  morphologies  of  ground  AG1 
was  less  than  that  of  AG1,  and  these  dendritic  morphologies  had 
gradually  changed  to  granular  morphologies  due  to  the  increase  in 
the  ft-value.  The  Li  deposition  on  AG1  -40  (Fig.  11  (c)),  whose  ft-value 
was  over  0.6,  had  almost  all  granular  morphologies.  These  results 
correspond  to  Fig.  3  and  can  be  explained  by  a  proposed  model  that 
numerous  defects  on  the  ground  graphite  surface  suppress  den¬ 
dritic  Li  deposition  acting  as  nuclei,  which  become  starting  points 
of  electrodeposition.  The  nature  of  the  defects  on  the  surface  are 
likely  the  crevices  or  the  textures  consisting  of  cracked  hexagonal- 
net  planes  in  random  order,  leading  to  electrochemical  active  sites 
of  Li  deposition.  It  is  also  likely  that  the  more  granular  Li  would 
deposit  on  precipitation  polycrystalline  graphite  with  smaller  crys¬ 
tallite  due  to  increasing  number  of  defects. 

4.  Conclusion 

Li  deposition  morphologies  on  graphite  are  affected  by  the 
degree  of  its  surface  disorder.  The  increase  of  R-v alue,  which  means 
the  increase  of  disordered  carbon  on  the  surface,  causes  the  mor¬ 
phology  of  Li  deposition  to  change  from  dendritic  to  granular.  It  is 
believed  that  the  defects  on  the  disordered  carbon  act  as  electrode¬ 
position  nuclei  and  prevent  Li  dendritic  formation.  We  adopted  the 
grinding  method  with  different  clearances  to  modify  graphite  sur¬ 
face.  The  ground  graphite,  which  only  creates  disordered  carbon 
on  its  surface  without  a  significant  change  of  bulk  crystallinity, 
has  the  same  reversible  capacity  as  pristine  graphite.  Furthermore, 
disordered  carbon  on  ground  graphite  decreases  the  irreversible 
capacity  suppressing  side  reactions  and  preventing  Li  dendritic 
deposition. 
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